Human papillomavirus (HPV) type 16 transcription was analysed by in situ hybridization using 1 zSi_labelled subgenomic riboprobes, from 26 genital intraepithelial neoplastic (IN) lesions, in formalin-fixed biopsies from 18 different cases. Distinct transcription patterns separable by the presence or absence of late gene transcription were detected. In 12 lesions, late gene expression was absent; HPV transcripts corresponding to the E6 and E7 open reading frame (ORF) were detectable in all basal cells and were usually evenly distributed through all layers of the epithelium. Transcripts corresponding to the El, E2 and E2/E4 ORFs were present in nine of 12 lesions and displayed a similar distribution. In 14 lesions late gene transcripts were present. E6 and E7 transcripts were detectable basally in all but one lesion. The levels of E7 but not E6 transcripts were markedly increased in the superficial cells of differentiating epithelia, with an identical distribution and at similar levels to those of the E2/ E4 transcript. We propose that the most abundant transcript in genital IN lesions containing late gene expression is an E7/E 1 ^ E2/E4 transcript corresponding to that reported in HPV-6/ll condylomata and which is derived from a similar promoter within the E7 ORF.
Introduction
A number of human papillomavirus (HPV) types can infect the epithelium of the anogenital surface and are associated with a variety of pathological conditions. HPV nucleic acids are detectable in 70 to 90% of anal and cervical invasive carcinomas Riou et al., 1990; zur Hausen, 1989) , and have also been reported in 69 to 78% of cervical intraepithelial neoplasia grade 1 (CIN 1) lesions (usually HPV types 6/11), in 83 to 89% ofCIN 2 lesions and in 77 to 95% of CIN 3 lesions (Kurman et al., 1988; Lorincz et al., 1987; Reid et al., 1987) . The pathogenesis of these lesions may be related to expression of the viral genes E6 and E7 because these genes can immortalize keratinocytes in vitro and can produce lesions resembling CIN during organotypic graft culture of HPV DNA-transfected primary human keratinocytes (McCance et al., 1988; Pecoraro et al., 1989; Woodworth et al., 1990) . However, the molecular events necessary for the development of progressively increasing dysplasia and then invasion are not known. Similarly, the mechanisms whereby the state of cellular differentiation modulates viral early and late gene transcription are unclear.
HPV RNA transcription has been mapped within HPV-6-or -11-positive genital condylomata by in situ hybridization (ISH), using exon-specific riboprobes spanning the E6/E7, El, E2, E2/E5 and E5, or E2/E4/E5, L2 and L1 regions (Chow et al., 1987a; Stoler et al., 1989) . These studies reported (i) abundant E2/E4 transcripts (thought to represent the spliced E1 ^E4 mRNA) present in the basal layers and extending through to a maximum in the stratum granulosum, (ii) E6/E7 transcripts present inconsistently in the basal layers but consistently in the lower to mid stratum spinosum and occurring maximally in the superficial layers of the epithelium, (iii) nuclear Et and E2 transcripts (thought to represent intron sequences) present in the upper stratum spinosum and in the stratum granulosum, and (iv) L1 and L2 transcripts occurring maximally in the superficial layer of the epithelium, but also in the nuclei of the upper stratum spinosum. More superficial cells contained L1/L2 RNA, than contained capsid antigen detectable by immunohistochemical staining.
Time course analysis of HPV-11-infected foreskin xenografts in nude mice revealed a similar tissue distribution of gene transcripts: the appearance of E2/E4 signal at 4 weeks post-infection in basal cells, E6/E7 signal at week 6 in parabasal but not basal cells, and L2/L1 signal at week 8 in superficial cells (Stoler et al., 1990b) .
In HPV-16-infected tissues, transcripts in a CIN 1 lesion, detected using HPV-16 probes analogous to the HPV-6 and -11 probes described above, had a distribution similar to those found in condylomata . E6/E7 and E4/E5 signals were first detected just above the basal cells and were maximal in the stratum granulosum. The ratio of E2/E4:E6/E7 signal varied from 10 to 20 : 1 in HPV-6/11 lesions to 2 to 3 : 1 in HPV-16 lesions. Nuclear El, E2, and cytoplasmic L1 and L2 signals were also detectable. In a CIN 3 lesion without late gene transcripts, E6/E7 and E2/E4 transcripts were detectable in equal amounts. In a CIN 3/adenocarcinoma in situ/adenosquamous carcinoma lesion, different areas had a similar transcription pattern in which E6/E7 signal was more abundant than E2/E4 signal, whereas a squamous cell carcinoma (SCC) contained only E6/E7/E1 signal. Similar results were reported in lesions studied by Crum et al. (1988) .
In later ISH studies comparing the presence of HPV-16 E6/E7 and E2/E4/E5 transcripts in genital precancers, all of which contained E6/E7, transcripts from the E2/E4 region were present in 22/22 CIN lesions (Crum et al., 1989) , eight of nine CIN 3 lesions and five of seven SCCs (Stoler et al., 1990a) .
The ISH studies (cited above) of HPV-6 -and -l 1-positive condylomata, and of HPV-16-and -18-positive CIN lesions have all reported that E6/E7 transcription is upregulated within the superficial cells of differentiating epithelium Chow et al., 1987; Crum et al., 1988 Crum et al., , 1989 Stoler et al., 1989 Stoler et al., , 1990a ). In addition, in vitro studies have demonstrated evidence of repression of E6/E7 transcription by full-length E2 proteins by binding to paired E2-responsive elements (E2REs) upstream of the promoter responsible for E6/E7 transcription. This has led to the hypothesis that factors produced during epithelial differentiation may either inhibit the binding of the full-length E2 protein to the paired E2REs or stabilize the transcription complex, thus enabling continued production of the E6 and E7 proteins in superficial ceils despite the presence of E2 proteins (Broker et al., , 1990 . The role of the E6 and E7 proteins in superficial cells is not known but may include involvement in cell transformation and/or modification of the intracellular environment to permit viral replication. Despite the availability of antisera to E6 and E7 proteins, there are no reports of the immunohistochemical detection of increased levels of E6 or E7 protein in these superficial ceils to validate the ISH data.
However Fig. 1 . Subgenomic restriction fragments were derived from an HPV-16 clone in pBR322, using the published sequence (Seedorf et al., 1985) and subsequent corrections (summarized by Vormwald-Dogan et al., 1992) and cloned into the riboprobe vector pGEM3, producing HPV-16 subgenomic probes. Australia. Duplicate sections from these blocks were screened by 1SH for the presence of HPV RN A homologous to types 6, 11, 16, 18, 31 and 33 as previously described (Higgins et al., 1991 b) . For HPVs 6, 11, 31
and 33 riboprobes spanning the whole genome were used whereas for HPV-16 and -18 riboprobes spanning only the E6/E7 regions were used for screening. Biopsies containing HPV-16 RNA and in which sufficient tissue remained for further sectioning were selected for examination using subgenomic riboprobes.
HPV-16 subgenomic probes. All subgenomic probes were derived from a full-length clone of HPV-16 in pBR322 (a gift from L. Gissmann and H. zur Hausen). Subgenomic restriction fragments were made using restriction enzyme site maps generated from the published sequence of HPV-16 (Seedorf et al., 1985) , and cloned into pGEM3-Blue (Promega). The probes used and the map positions of the beginning and end of each probe are illustrated in Fig. 1 . The identity and orientation of each clone were confirmed by restriction enzyme digestion, and each probe was shown to hybridize to the appropriate fragment of total BamHI/PstI-digested HPV-16 DNA by Southern blotting. In addition, partial double-stranded sequencing of the E5 and E6 probes using a T7 primer confirmed the predicted vector and insert sequences and orientation. All plasmids were linearized prior to transcription.
ISH for HPV RNA. The ISH procedures have been described previously (Higgins et al., 1991 b, c) . Briefly, 5 ~tm sections of formalinfixed, paraffin-embedded tissues were placed on 3-aminopropyltriethoxysilane-coated slides, dewaxed, rehydrated and refixed in 4~ paraformaldehyde. Sections were then treated with proteinase K (25 ~tg/ml), refixed in paraformaldehyde, acetylated, then dehydrated through graded ethanols and air-dried. An aliquot (2.5 Ixl) of ~25I-labelled probe mix containing 50000 to 100000 d.p.m, of ~25I (0-05 to 0-1 ng of RNA) per ptl was placed on the section, covered with a 13 mm round siliconized coverslip, placed under liquid paraffin and hybridized for 16 h at 50 °C. Slides were then washed, RNase A-treated, washed, dried and dipped in Ilford K2 emulsion and exposed in lighttight boxes at 4 °C for 1 to 2 weeks. Slides were developed with Kodak DI9 developer and Rapid fixer, stained with Gill's haematoxylin and eosin and mounted in Depex.
Quantification and specificity of lSH signals. Scoring of biopsies was
performed by visual assessment of grains, using unrelated HPV probes, probes of the opposite sense and stromai cells as negative controls. Intensity of the signal was estimated using a + to + + + + scale where + was at least two times background levels and up to approximately 20 grains/cell, + + 21 to 50, + + + 51 to 100 and + + + + > 100 grains per cell. To confirm that signals detected with each probe were due to RNA-RNA hybrids and not RNA DNA hybrid formation, each probe was compared to a section hybridized with a probe from the identical construct but transcribed in the opposite (mRNA sense) direction. Additional adjacent sections were RNase-treated but not denatured, or RNase-treated and then denatured prior to hybridization with sense probes. Hybridization with the antisense probes was assumed to represent RNA-RNA hybrid formation if the signal detected with the corresponding sense probe was weaker or absent. Signal with the sense probes unchanged by RNase pretreatment and increased following denaturation was considered to be secondary to RNA-DNA hybrid formation (Higgins et al., 1991 b) .
Antigen detection. Paraffin sections were dewaxed in xylene, rehydrated through graded ethanols, quenched in 0-6% H20 2 in methanol, washed in PBS and blocked with 3% normal goat serum. Tissues were incubated at 4 °C overnight with the optimal dilution of either polyclonal rabbit anti-papiUomavirus group antigen antisera (Dako) or a monoclonal antibody (CAMVIR 1) directed against the amino-terminal half of the HPV-16 LI protein expressed as a /~-galactosidase fusion protein (Banks et al., 1987; McClean et al., 1990) (a gift from Dr M. Stanley, Department of Pathology, University of Cambridge, U.K.). Antibody was detected using biotinylated goat antirabbit Ig (Vector) or biotinylated horse anti-mouse Ig (Vector) followed Table 1 ) with late gene expression. Sections were hybridized as described then autoradiographed for 8 days prior to development. The probes represented here were all complementary (i.e. antisense probes) to mRNA sense transcripts in the tissue except where stated: (a) E6, (b) E7, (c)E6/E7, (d) El, (e) El (sense probe), and following denaturation oftbe section for DNA detection (f) E2, (g) E2/E4, (h) L2, (0 LI and (j) LI (sense probe). Low level E6 signal was present in almost all cells but was not clearly seen at this magnification. Much higher signals were present with the E7, E2/E4 and L1 probe transcripts and were similarly distributed. No significant signal was present with the control LI sense probe (j). Bar marker represents 200 rtm. Fig. 3 . HPV-16 transcription in a CIN 2 lesion (with late gene expression; Table 1 ) and in a CIN 3 lesion (without late gene expression; Table 2 ) from case 507. Sections from the CIN 2 lesion (a to d and i to/) and the CIN 3 lesion (e to h and m to p) were stained with haematoxylin and eosin (a and e) or hybridized, without denaturation, with antisense probes to E6 (b and f ) , E7 (c and g), E6/E7 (d and h), E6/E7 sense probe as a negative control (/and rn), E2 (j and n), E2/E4 (k and o) or L2 (l and p). Within the CIN 3 lesion similar levels of E6, E7 and E2/E4 signal were evenly distributed throughout the epithelium, although late gene expression was absent. In the CIN 2 lesions the E7 signal was again disproportionately expressed relative to the E6 signal in superficial cells, but was similarly distributed and present at similar levels to the signal seen with the E2/E4 probe. (I0 day exposure; bar marker represents 50 ~tm).
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by avidin-biotin peroxidase complex (Amersham) and diaminobenzidine (Sigma).
Results
Tissues from 26 lesions from 17 patients were examined. More than one area in the same biopsy was assessed in five patients and biopsies from two different sites were assessed in one. The pathological grade of the lesion and the site from which it was taken are listed together with the ISH results in Tables 1 and 2 . The transcription mapping results are divided into two groups: those with late gene RNA transcripts and those without.
HP V-16-positive intraepithelial lesions containing late gene RNA transcripts
Fourteen lesions from 13 different patients contained evidence of cytoplasmic transcripts consistent with late gene expression; only four of the eight such lesions tested contained detectable viral capsid antigen (Table 1 ). All lesions contained cells classed as koilocytes and had evidence of surface differentiation. In all lesions transcripts from the E6 and E70RFs were present in the basal layer. E6 transcription remained essentially unchanged with increasing differentiation, but E7 signals increased dramatically in the superficial layers ( Fig. 2  and 3 ). When the E6/E7 probe was used lower levels of signal were present superficially than were present with the E7 probe. Significant (> +, Table 1 ) transcripts from the E1 or E2 regions were present basally in 10 of 14 samples but were present as nuclear signals in the mid layers and superficial layers of all samples. The E2/E4 probe detected a pattern similar to that seen with the E7 probe. E2/E4 transcripts were present basally, increased in the mid layers and were maximal superficially in similar amounts and with a distribution identical to that detected with the E7 probe. Transcripts from the L1/L2 regions were absent basally, weakly detectable in the mid layers and were strongest superficially. Individual cells displayed high L1/L2 signals but fewer cells displayed the L1/L2 signal than displayed E2/E4 or E7 signals. Cells containing L1/L2 RNA were more common than cells containing capsid antigen. In three cases (142, 507 and 817, Table 1), the levels of L1/L2 RNA expressed were markedly lower than the levels of E7 and E2/E4 RNA signal. This may represent an intermediate stage at which cells are not fully permissive for late gene expression.
Signal was detected superficially with the non-coding region (NCR) probe in eight lesions. In each of these lesions the sense probes corresponding to each ORF were also positive. However, the signal detected was resistant to pretreatment with RNase A, more likely to be confined to the nucleus, and weaker than that detected with the antisense probes. This signal was considered to represent RNA-DNA hybrid formation in the presence of high copy numbers of viral DNA following replication in differentiating keratinocytes. Similar effects have been reported previously and postulated to be due to DNA denaturation occurring during tissue fixation, processing or hybridization (Crum et al., 1988; Stoler & Broker, 1986) . The above effects can be distinguished from the presence of antisense RNA transcripts which we have demonstrated previously in HPV-16-positive tumours (Higgins et al., 1991b) .
HPV-16-positive intraepithelial lesions without late gene expression
Twelve lesions, comprising cervical biopsies from 10 patients did not demonstrate cytoplasmic signals consistent with late gene expression ( Table 2 and Fig. 3 ). Cells resembling koilocytes were considered to be present in nine lesions but significant surface differentiation was present in only four (two CIN 3 and two CIN 2 lesions). In one lesion (114), and in an associated invasive SCC, intense nuclear L1 and lesser L2 and NCR signals were present. In most cases, similar levels of E6 and E7 RNA signal were present in all layers of the epithelium. Significant (> ___, Table 2 ) E2/E4 signal was present in all but three biopsies: in patient 114 E6-E7-E 1 but not E2 or E2/E4 signals were detectable, in patient 338 area B (338B) displayed E2/E4 signal but in the adjacent area C (338C) both E2 and E2/E4 were absent; in a third, patient 115 area B (l15B) E2 and E2/E4 signals were reduced or not significant.
In contrast to the late gene-expressing lesions, in most lesions in which late gene expression was absent there was little histological evidence of cellular differentiation, and the levels of gene expression remained unchanged, when progressing from basal cells to superficial cells. In three lesions (105, 110 area B and 134 area A) evidence of some surface differentiation was accompanied by a reduction in the level of signal corresponding to all transcripts.
Discussion
The findings of this study have many similarities to those cited in the introduction: the presence of L1/L2 transcripts superficially which were more prevalent than detectable antigen, the presence of nuclear E1 and E2 signals (which may correspond to intron or unprocessed high Mr transcripts), the presence of E2/E4 transcripts in most layers of the epithelium, and the high frequency (21 of 24 lesions) of detection of E2/E4 transcripts in HPV-16-positive CIN lesions consistent with the presence of episomal HPV-16 DNA. However, although previous studies reported that HPV transcription began in the parabasal layers of dysplastic epithelium (Chow et al., 1987a; Stoler et al., 1989 Stoler et al., , 1990a , this study has shown the consistent presence of E6/E7 transcripts and E2/E4 in the basal layer, and has demonstrated that transcription within CIN 3 lesions may vary from area to area e.g. loss of E2/E4 transcription in case 338 area C compared to the adjacent area B ( Table 2 ).
The major difference from previous in situ studies Crum et al., 1988 Crum et al., , 1989 concerns the pattern of E6/E7 transcripts within genital precancers. All previous studies have reported that E6/E7 RNA was expressed maximally in superficial cells in lesions showing differentiation and late gene expression. In these studies the RNA probes used have included the entire E6 and E7 ORFs but in the present study, three separate E6 or E7 RNA probes have been used, permitting greater resolution of the transcripts.
In HPV-16-positive lesions displaying late gene expression, signals detected with the E6 [nucleotides (nt) 112 to 498] probe showed little change as epithelial differentiation occurred (Table 2) ; there was some increase superficially with the E6/E7 (nt 197 to 767) probe but marked increases with the E7 (nt 621 to 879) probe paralleling both in amount and distribution the presence of E2/E4 RNA. These superficial cells must therefore contain considerably lesser amounts of the sequence contained in the longer E6/E7 (nt 197 to 767) probe than that contained in the E7 (nt 621 to 879) probe, suggesting that a previously unrecognized promoter or a splice acceptor site is likely to lie between the 3" end of the E6 probe (nt 498) and the 3' end of the E6/E7 probe (nt 767). Furthermore, this possible promoter/splice acceptor appears to be active only in superficial differentiating epithelial ceils.
Similarly, the most abundant mRNA species present in HPV type 1, 6 and 11 condylomata has been reported to have its 5' end mapping to nt 700 in the E70RFs of HPV-1 and -6 (Chow et al., 1987a, b) , variably to nt 674 to 716 in HPV-11 (Nasseri et al., 1987; Smotkin et al., 1989) , to be spliced to the E2/E4 region, and to encode the abundant E4 viral protein detected in warts (Doorbar et al., 1986) . In the CIN 1-derived W12 cell line containing HPV-16 (Stanley et al., 1989) , which can be induced to produce viral particles in nude mouse xenograft culture (Sterling et al., 1990 ), Doorbar et al. (1990 have detected an E7-E 1 A E4/E5 transcript following polymerase chain reaction amplification. The 5' end(s) of this transcript were not exactly determined but primer extension analysis indicated potential 5" ends at nt 626, 639, 686, 735, 769 and 795 . Transcripts with any of these 5' ends would produce the E7 transcription results observed in this study but only those with a 5' end at 735 or further upstream would explain the E6/E7 transcription results. Analysis of the HPV-16 nucleotide sequence in the region corresponding to the E6/E7 probe failed to reveal any potential splice donor or acceptor sites other than that previously described at nt 526 (Smotkin et al., 1989) . Potential TATA boxes are present at nt 484 (TATAA) and 541 (TATATG). The later sequence at nt 229 in HPV-11 is known to be active as a promoter (Smotkin et al., 1989) but HPV-16 transcripts originating from these promoters would have given strong signals with the E6/E7 probe. Hence, like the most abundant transcript in HPV-6 and -11 (Smotkin et al., 1989) , and late gene transcripts described for cottontail rabbit papillomavirus (Wettstein et al., 1987) and bovine papillomavirus type 1 (Baker & Howley, 1987) , these transcripts may be derived from promoters not containing a TATA sequence.
Although we cannot exclude the presence of separate E7 and E2/E4 transcripts, we believe the E7 transcription detected in the superficial differentiating cells of the HPV-16-containing lesions may therefore correspond to the 5' end of a similar HPV-16 E7-E1 ^ E2-E4 transcript encoding an E4 protein. The detection of HPV E4 protein in the superficial cells of HPV-16-containing CIN lesions has been reported by Crum et al. (1990) in which its presence and distribution paralleled that of the HPV-16 capsid antigen. Lastly, some of the E7 and E2/E4 signals found in superficial cells may have been the result of leader sequences of transcripts potentially able to encode L1 and L2 proteins (Doorbar et al., 1990; Rotenberg et al., 1989) . However, in most of the cases reported in this study, greater numbers of superficial cells contained E7 and E2/E4 transcripts, than contained L1 or L2 transcripts.
The increase in E6/E7 transcription in superficial cells reported by Broker et al. (1989 ) and Crum et al. (1988 , 1989 , using RNA probes spanning the entire E6/E7 region, has been used to suggest that the E6 and/or E7 proteins may be present in increased amounts in superficial cells and that they may have additional properties related to viral replication. However, if this finding were in fact due to transcripts beginning within the E70RF and encoding an E4 protein, then the following points apply. (i) There is no need to postulate that there are increased levels of expression of E7 proteins in superficial terminally differentiated keratinocytes, in which the E7 protein may have roles not directly related to cell transformation. (ii) In the absence of evidence suggesting that the p97 promoter, responsible for HPV-16 E6/E7 transcription in transformed cells, is increased in activity in superficial cells, there is no need to postulate that a differentiation-related cellular protein
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is able to bind to the paired E2REs upstream of the E6/E7 promoter (Broker et al., 1989, 1990) . Rather, differentiation-related products may be involved in the activation of a promoter within E7 and they may be non-E2-dependent. (iii) There is no evidence to support a hypothesis that, since E2/E4 transcripts can be detected basally, E4 proteins may have functions other than playing a role as a late gene in virus capsid protein production and capsid assembly (Stoler et al., 1989) . In basal cells, the specific E7 leader sequence of an E7-E 1 ^ E2-E4 transcript is not detectable at levels greater than E6 transcripts (as we have just described for superficial cells); therefore the E6-E7 and E2-E4 signals detectable in basal cells may simply represent detection of E6/E7 ^ E2/E4 or E6*/E7 ^ E2/E4 transcripts encoding E6 or E7 proteins.
In contrast, we have previously described examples of well differentiated SCCs in which HPV E6/E7 transcription was limited to the basal layer of the tumour (Higgins et al., 1991c (Higgins et al., , 1992 . Similarly in this study we have described three CIN lesions in which transcription from all ORFs was diminished superficially despite the apparent occurrence of differentiation. Diirst et al. (1991), reporting similar findings in nude mouse xenografts of transfected keratinocytes containing only integrated HPV-16, postulated that loss of E6/E7 transcription during differentiation may be due to regulatory mechanisms capable of suppressing transcription from integrated DNA but not from episomal DNA. However, the CIN lesions reported in this study all contained E2/E4 transcripts suggesting the presence of episomal viral DNA in these lesions. Therefore some mechanism of differentiation-related cellular control of HPV E6/E7 transcription of both integrated and episomal viral DNA may exist in vivo.
Finally, the data presented here suggest that E6 and/or E7 proteins may still have a role during epithelial differentiation and viral replication. Although E6/E7 transcripts were absent superficially in some cases of CIN 3 with superficial differentiation but without late gene expression, E6 transcripts were always present superficially in cells displaying late gene expression. This may imply a requirement for the continued but not increased presence of E6/E7 gene products in cells supporting viral replication. The development of in vitro keratinocyte culture models of HPV late gene expression and replication will facilitate the testing of these hypotheses.
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